INTRODUCTION
(35). The proteins can be grouped according to sequence homology, which is consistent with the ligand binding characteristics (36) . These criteria would separate the proteins into 4 categories; (i) the intracellular retinoid binding proteins, (ii) the ileal lipid binding protein (which binds bile acid) and liver-FABP proteins that accommodate 2 fatty acids, (iii) intestinal-FABP which binds a single fatty acid in a linear conformation, and (iv) FABPs with the fatty acid bound in a highly bent or "U-shaped" conformation. Brain, adipocyte and the muscle/heart FABPs belong to the last group. Within grouping iv, the carboxylate moiety of the fatty acid is buried within the binding cavity and hydrogen bonds to conserved tyrosine and arginine residues, either directly or through an ordered water molecule. The hydrocarbon tail of the fatty acid forms VDW interactions with hydrophobic residues that line the binding pocket and with ordered water molecules that are in contact with polar residues in the binding pockets (37) .
While most of the FABPs bind only a single molecule of fatty acid, different FABPs show variation in their affinity for saturated versus mono-and poly-unsaturated fatty acids, and long-, medium-, and short-chain fatty acids, and it has been quite difficult to completely understand the structural basis for these preferences. However, all of the FABPs studied to date exhibit a preference for long-chain saturated fatty acids (38) . As B-FABP has a higher affinity for long chain poly-unsaturated fatty acids, it is an excellent system to begin to explore how structural diversity in the FABPs leads to ligand specificity. Here we report the crystal structures of complexes of human B-FABP with OA and DHA and compare the structural data with the thermodynamic description of fatty acid binding. Our results provide an explanation for the ligand binding preferences of B-FABP based on key protein/ligand interactions.
EXPERIMENTAL PROCEDURES
Cloning of human B-FABP. Human B-FABP was cloned by screening a human fetal brain λ ZAP11 cDNA library (Stratagene) under reduced stringency using a radioactively labeled 600 bp chicken retina cDNA probe (39) . The 3' ends of the positive clones had a high homology to mouse B-FABP, but they either lacked the 5' end of the cDNA or they had undergone recombination at their 5' ends. Sequence information from the section that was homologous to the mouse B-FABP cDNA (23) was employed to clone human B-FABP by rapid amplification of cDNA ends. To obtain the 3' sequence of the cDNA human fetal brain 
CCAGGATCCTTTCTATGCCTTCTC-3').
In this primer the stop codon TAA was exchanged to TAG. The cDNA for B-FABP was then tailed with dATP using terminal transferase (Boehringer-Mannheim) and amplified using a nested sequence specific 3´-primer (5'-CTGAGAGTCCTGATGACCACTT-3') and a mix of d(T) 17 -adaptor and adaptor primer. To obtain a continuous coding sequence a specific 5'-primer with an attached NdeI restriction site was designed (5'-CATATGGTGGAGGCTTTCTGTGCTAC-3') and used together with the primer containing the BamHI site in a PCR with the proofreading Pfu DNA polymerase (Stratagene). The 400 bp PCR product obtained after 35 cycles of amplification was subcloned into a SmaI cut pUC18 vector (SureClone Ligation Kit; Pharmacia). lac -colonies were analyzed by restriction mapping and nucleotide sequences were determined by cycle sequencing using thermosequenase (Amersham) and the GATC 1500 Direct Blotting Electrophoresis System (GATC, Germany). DNA and protein sequences were analyzed using the GCG package.
Expression and purification of human B-FABP. The human B-FABP coding region
of the cDNA was cloned into NdeI and BamHI restricted pET-3 expression vector (Novagen) and introduced into E. coli BL21(DE3)pLysS (40) . Terrific broth with cultured cells was induced with 0.4 mM IPTG after they reached an optical density of 1 in a 2 liter and 5 in a 10 liter scale fermentation. They were then harvested by centrifugation and lysed by one freeze thaw cycle and sonication. Nucleic acids were partially digested by Benzonase (Merck). The supernatant of the lysate was desalted on Sephadex G-25 and recombinant human B-FABP was isolated by anion exchange chromatography using QSepharose. The protein was further purified by gel filtration on Fractogel EMD BioSec 650 (S) and the purity was analyzed by 15 % SDS-PAGE gel (41) and sandwich ELISA was used to detect human B-FABP in fractions during purification. Therefore, human B-FABP was further delipidated by extracting 1 ml of protein solution three times with 0.4 ml diisopropylether : n-butanol (3 : 2) for 30 min with gentle shaking (43) . The protein was then dialyzed by ultrafiltration (centricon with 10 kDa cut-off, Amicon) against calorimetry buffer (50 mM Tris/HCl pH 8.0, 1 mM β-mercaptoethanol, 0.05 % Naazide) to remove n-butanol. M/H-FABP used in this study was cloned, expressed, purified and delipidated following previously described procedures (44) . over 131 Cα atoms.
Crystallization and data collection of human B-FABP

RESULTS
Description of human
The general structure of human B-FABP is very similar to that of the other fatty acid binding proteins reported to date (53). Eighty seven of the 131 residues in human B-FABP form 10 antiparallel β-strands arranged into two perpendicular β-sheets and two short α-helices (A1, 7 residues, and A2, 10 residues) are located between β-strands B1 and B2.
Backbone hydrogen bonds typical of antiparalled β-pleated sheets are found between all strands, with the exception of β-strands 4 and 5. These strands are separated and the space between these two strands is filled with protein side chain atoms. β-strands B1, B2, B3, B4, B5, and B6 form the first β-sheet and B6, B7, B8, B9, and B10 from the second β-
sheet. An exaggerated bend in B6 allows it to act as a linker between two β-sheets, where the first 5 residues (Asp77-Lys81) of the β-strand hydrogen bond to the first β-sheet, while the remaining 6 residues (Ser82-Asp87) of B6 hydrogen bond to main chain atoms of B7, part of the second β-sheet.
OA binding in U-shaped conformation.
After the initial refinement with only atoms of the protein, difference electron density maps calculated to 2.8 Å showed a U-shaped positive density between the two β-sheets, in the upper portion of the internal cavity as viewed of Figure 2a . A good fit for the electron density was achieved by introducing a C16 fatty acid (C16:1,n-7) as there was no electron density for the last two carbon atoms of the OA (C18:1), the fatty acid that was incubated with the protein prior to crystallization. The fatty acid was in a bent conformation with an eclipsed bond between C5 and C6 atoms and a cis-double bond between C9 and C10 atoms (the position corresponding to the double bond in the OA). In the final steps of molecular refinement the fatty acid was included with torsional constraints only to the torsional angle corresponding to the cis-double bond. In addition to the fatty acid, five ordered water molecules were located within the fatty acid binding cavity.
O1 of the carboxylate of bound OA hydrogen bonds to the hydroxyl group of Tyr128 The helical conformation of DHA is further stabilized by the internal π-π interactions between the double bonds C4-C5 and C7-C8, C10-C11 and C13-C14, C16-C17 and C19-C20 (Figure 3b ). It can be expected that as the number of double bonds decreases the internal π interactions will also decrease and as a consequence the propensity of the ligand to be stable in the observed helical conformation will also decrease. This scenario will lead to a reduction in affinity of B-FABP for very long chain fatty acids without the correct number (Table 2) . However, all members of the group have a comparable residue to Phe16, which is in a location that could support π-π interactions with the C9-C10 double bonds found in OA, linoleic and α-linolenic acid. It is important to note that these fatty acids all bind with high affinity to the group iv FABPs. We have previously proposed that the affinity of a given fatty acid for an FABP can be classified into 3 primary components; 1) the energetic strain imposed on the ligand in the bound state, 2) the specific interactions of the protein with the bound ligand, and 3) the desolvation of the binding cavity and the ligand upon binding (55) . The relatively low entropic contribution to fatty acid binding that have been observed in several studies of different FABPs has lead to the suggestion that desolvation may be less important (61).
The structural and thermodynamic analysis of B-FABP suggests that this protein has a binding pocket that is well suited to bind n-3 fatty acids by creating an environment within the cavity that permits binding of these fatty acids in a low energy conformation, and provides specific interactions of the protein with conserved double bonds in the fatty acid. 3a and 3b are prepared using Molscript (64) and raster3d (65). Secondary structure elements and the corresponding residues are β-strand B1 (Cys5-Leu10), α-helix A1 
